We have investigated the fundamental phenomena governing the friction-induced microstructures in single crystal nickel. Friction measurements were made using a unidirectional linear wear tester against a hard Si 3 N 4 ball so that deformation is confined to the softer Ni surface. To minimize the environmental effects on friction, we conducted the experiments in dry nitrogen atmosphere. A high precision rotary stage was designed and built to enable friction measurements to be made in specific crystallographic directions. Measurements were made on (100), (110) and (111) crystal faces. Focused ion beam (FIB) microscopy was used to prepare cross-sections of wear scars suitable for electron backscattered diffraction (EBSD) and transmission electron microscopy (TEM) analyses. The EBSD data revealed the formation of low-angle grain boundaries leading to the development of fine-grained equiaxed recrystallized substructues underneath the wear scars.
INTRODUCTION
The properties of bulk materials are often used for the design of mechanical components, and for predicting the long-term performance and reliability of the assembled system. However, in ductile materials, sliding contact is often accompanied by severe plastic deformation localized to a small volume of material adjacent to the surface. This results in changes in the surface roughness, hardness, grain size and texture during the initial "run-in" period culminating in the evolution of a subsurface layer with characteristic features [1] . For instance, electron backscattered diffraction (EBSD) analysis of wear scars on electroplated nickel showed bending of columnar grains in the direction of sliding [2] . Clearly, it is this frictioninduced subsurface layer, whose microstructure is determined by the combined effects of the bulk microstructure and the operating conditions, that controls the friction, evolution of wear debris, and coating-substrate interface reliability. It is therefore important to understand the friction-induced microstrucural changes and also the manner in which the microstructure is modified by interaction with the environment (e.g. oxidation) or by mechanical mixing. The objective of this proposed work is to gain a fundamental understanding of "friction-induced" deformation and the evolution of microstructure in single crystals, and to develop microstructurefriction relationships. Nickel alloys are of interest to microelectromechanical systems (MEMS). Many MEMS fabricated by LIGA [German acronym for Lithographie, Galvanoformug (electroforming) and abformung (molding)] utilize electrodeposited metals such as Ni. In a number of MEMS applications such as gear trains, comb drives and transmission linkages, tribological considerations, particulary sliding contacts amongst sidewalls are of paramount importance [3] . Therefore, friction-induced microstructural evolution in single crystal nickel surfaces has been the major focus of this study.
RESULTS AND DISCUSSION
A rotary test module was designed and fabricated to enable friction measurements in specific crystallographic directions on single crystal surfaces. The module (Figure 1) consists of a chuck for holding the crystal in place and a rotary stage for precise alignment of the crystal surface with an accuracy of ±0.5°. The normal load is applied by means of deadweights, and the load cell measures the tangential (friction) force. The tester was housed in an environmental chamber. Friction tracks were made on (100) and (110) single crystal surfaces in three crystallographic directions: <100>, <110> and <211> at a normal loads of 100 mN and 1N with a Si 3 N 4 ball in unidirectional linear mode. To minimize the environmental effects on friction, we conducted the experiments in dry nitrogen atmosphere. We used focused ion beam microscopy (FIB) to prepare cross sections parallel to friction tracks, and performed electron backscattered diffraction (EBSD) to map out friction-induced microstructure and deformation. Fig. 1 (a) Rotary stage for alignment of single crystals Significant differences were observed in both friction forces (Fig. 3) and the extent of subsurface deformation of (100) crystal in the three crystallographic directions (<100>, <110> and <211>). As an example, the orientation maps collected from the subsurface regions of 1000-cycle tracks in <110> and <100> crystallographic directions are shown in Figure 2 . The color-coding of these maps is a clear indication of our success at orienting the friction track direction, coinciding the crystallographic direction with high degree of precision. The black lines represent the boundaries between pixels with a misorientation of 1.25° or greater. Although the development of fine-grained equiaxed surface zone of recrystallized grains is similar in both <100> and the <110> directions, the size of the plastically deformed zone differs significantly in the two cases; in <110> direction the plastically deformed zone extends to greater depths. Friction coefficients in three major crystallographic directions on (001) crystal face.
